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ABSTRACT: Mode character and mode dispersion of sub-60 nm thick polymethyl-methacrylate dielectric-loaded 
surface plasmon-polariton waveguides (DLSPPW) are investigated using photoemission electron microscopy and 
finite-element-method simulations. Experiment and simulation show excellent agreement and allow identifying a 
crossover from single-mode to multi-mode waveguiding as a function of excitation wavelength λ and DLSSPW 
cross-section. Experiment and simulations yield, furthermore, indications for the formation of a surface plasmon-
polariton cavity mode in the close vicinity of the waveguides. 
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Since plasmonic waveguides offer the promising perspective to confine light on a 
subwavelength scale, they are considered as essential subunits in highly integrated nanoscale 
opto-electronic devices. In the past, various approaches for plasmonic waveguiding have been 
proposed and realized, including simple metal strips [1–3], metal gaps [4, 5], metal slots [6], 
metal grooves [7, 8], metal nanowires [9, 10], and chains of metallic nanoparticles [11]. In an 
alternative approach, dielectric ridges on top of a metal surface are used to channel surface 
plasmon-polaritons (SPPs), a scheme which is also referred to as dielectric-loaded SPP 
waveguide (DLSPPW) [12–20]. The dielectric ridge acts as local trap on the SPP field, resulting 
in lateral confinement. The interplay of cross-section and dielectric response of the ridge has a 
strong impact on the supported mode spectrum and mode characteristics, offering a high 
flexibility for a waveguide design [10, 19, 21, 22]. It is therefore of fundamental interest to 
provide real-system data on how confinement and material effects modify SPP waveguiding and 
to compare these results with existing analytic and numerical models [23]. 
For the studies presented in this work we use polymethyl-methacrylate (PMMA) as the 
dielectric component to realize DLSPPWs of different cross-sections. PMMA is a common resist 
in electron-beam lithography and allows therefore for construction of complex nanoscale 
structures [13, 17]. Thus far, most work on PMMA-DLSPPWs focused on SPP waveguiding 
compatible with telecommunication wavelengths around 1.5 µm which requires thick PMMA 
layers [13, 17, 19, 24] in the order of several hundred nanometers. In the present work we 
investigate thin-load PMMA with thicknesses on the order of a few ten nanometers for SPP 
wavelengths in the visible to near-infrared spectral range. Fourier analysis of near-field 
photoemission electron microscopy (PEEM) patterns indicates multimode SPP waveguiding in 
some of the waveguides. Experimentally obtained SPP dispersion data, in comparison with 
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Finite-Element-Method (FEM) simulations which consider the actual waveguide geometry, 
enables us to identify mode orders and to calculate corresponding mode profiles. The results 
provide particular insight into the crossover regime between single-mode and multi-mode 
waveguiding in DLSPPWs with sub-diffraction dimensions. 
EXPERIMENTAL SETUP: The experiments were conducted using a photoemission electron 
microscope (IS PEEM, Focus GmbH) [25] mounted in an ultrahigh vacuum (UHV) µ-metal 
chamber and providing a lateral resolution of 40 nm. The DLSPPW sample was excited under a 
fixed angle of incidence (65) toward the sample surface normal by transform-limited laser 
pulses (≈ 100 fs pulse width) from a Ti:Sapphire oscillator which is operated at a repetition rate 
of 80 MHz (Tsunami, Spectra Physics). The central laser wavelength was continuously tunable 
between 710 nm and 890 nm (hν = 1.4 eV - 1.7 eV) and it was measured using a calibrated fiber 
optic spectrometer (USB4000, Ocean Optics) in front of the UHV chamber entrance window. 
Reference sample images were taken in conventional threshold PEEM. To avoid unintended 
sample degradation upon illumination, these images were taken using a light-emitting diode 
(LED) with a wavelength of 365 nm (hν = 3.4 eV) (LEDMO- D365.140.OEM by Omicron 
Laserage) as excitation source instead of a Hg discharge lamp (hν = 4.9 eV) which is typically 
used in this operation mode
 i
. Prior to the photoemission measurements the samples were 
covered with a small amount of cesium (coverage << 1 monolayer) by in-situ treatment using a 
well-degassed getter source (Cs dispenser, SAES Getters). This treatment is required to lower the 
work function in order to facilitate a one-photon photoemission process (conventional threshold 
PEEM) at a wavelength of 365 nm and a two-photon photoemission process (2P-PEEM) with 
                                                 
i
 UV light can potentially cause damage to the chemical structure of PMMA such as cleavage of 
bonds. These alterations are reported for deep UV (254 nm, hν = 4.9 eV) [39]; in fact, PMMA is 
routinely used as a resist for UV lithography [40]. 
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near-infrared light pulses. SPP propagation (real and imaginary part of the SPP wave vector) is 
not affected in the applied coverage regime within the resolution of our experiment [26]. PEEM 
image analysis was done using the program Fiji [27]. The software used to control the CCD 
camera of the experimental setup is µManager [28]. Atomic force microscopy (AFM) and 
helium ion microscopy (HIM) were used to determine the cross-section of the waveguides and to 
characterize the sample topography, respectively. HIM was carried out by an Orion NanoFab 
helium ion microscope (Carl Zeiss) at 30 keV beam energy, with a probe current ranging from 
0.5 to 1.1 pA. In order to preserve the sample surface information no conductive coatings were 
applied to the samples prior to imaging. Charge compensation was ensured through a low energy 
electron beam (flood gun, 600 eV) directed at the sample [29].  
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Figure 1 a) Sketch of the sample setup including waveguide dimensions. For the actual dimensions of w and h 
of the different waveguides investigated in this work please refer to Table 1. b) AFM image of a waveguide (w 
=  0.42 µm, h= 36 nm). c) HIM image of the waveguide shown in b) .  
SAMPLE FABRICATION: Samples were prepared in a multi-step lithographic process: 200 
µm by 200 µm platforms were etched on a silicon wafer in a UV photolithography and 
inductively coupled plasma reactive ion etching process. A 5 nm thick titanium adhesion layer 
and 120 nm of gold were sputtered on top of the pre-structured surface. On illumination with 
light, the defined platform edges act as a momentum source to overcome the wave vector 
mismatch between light and SPP [21, 30, 31]. In the next step, PMMA (950k A2, MicroChem) 
was spin-coated onto the gold film at a nominal PMMA thickness of 50 nm. 100 µm by 100 µm 
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fields each containing a single waveguide with nominal design widths of 0.3 µm, 0.5 µm, 0.7 
µm, and 1 µm, respectively, were written using electron beam lithography (EBL). A final 
development process removed the excess PMMA from within these fields. Figure 1 a) 
schematically illustrates the waveguide geometry in the vicinity of a coupling edge. Figure 1 b) 
and Figure 1 c) show an AFM image and a HIM image of the 0.5 µm wide waveguide, 
respectively. The actual waveguide widths w and heights h were determined from HIM and AFM 
measurements, respectively, and are summarized in Table 1. Deviations in h from the nominal 
PMMA thickness could, for instance, be caused by thickness variations of the spin-coated layer. 
The nominal waveguide design widths are used as waveguide identifiers in the following. 
nominal design 
width/µm 
width w/µm height h/nm 
0.3 0.330±0.025 55±2 
0.5 0.417±0.041 36±1 
0.7 0.726±0.015 50±1 
1 0.910±0.014 49±1 
Table 1: Width w and height h of the investigated waveguides as obtained from HIM and AFM data, 
respectively. The nominal design widths of the waveguides serve as waveguide identifiers in the following. 
 
MODELING: Calculations based on an analytic approach described in Refs. [32] and [19] 
provided a first estimate on the mode number supported by the different waveguide geometries. 
More specifically, the cut-off width at which for a given waveguide height h higher order modes 
beyond the zero-order transverse magnetic (TM0) mode disappear was calculated. Solid lines in 
Figure 2 summarize the results of these calculations as a function of excitation wavelength . 
The dashed lines are indicators for the widths w of the investigated waveguides for comparison. 
As long as the width w lies below the mode cut-off width, the waveguide is predicted to support 
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single-mode waveguiding (i.e. TM0 waveguiding). Otherwise, multi-mode waveguiding is 
expected. The calculations predict multi-mode waveguiding (i.e. TM0 and TM1 waveguiding) 
for the 1 µm waveguide over the entire wavelength range and for the 0.7 µm waveguide between 
700 nm and 830 nm. In contrast, for the 0.5 µm waveguide and the 0.3 µm waveguide, single-
mode waveguiding is exclusively expected.  
 
Figure 2: Cut-off widths for higher order mode waveguiding for different waveguides heights h as a function 
of excitation wavelength  (solid lines). Dashed lines indicate widths w of the waveguides investigated in this 
work. Shaped markers are placed to help identify the cut-off widths for a given actual width. Single-mode 
waveguiding is expected for values of w below the cut-off width. The shaded areas mark the uncertainty in 
the measured width of the waveguides . 
Quantitative calculations on the waveguide mode characteristics were performed based on a 
FEM approach introduced by Holmgaard et al. [19]. The FEM calculations were carried out 
using the Wave Optics module of COMSOL Multiphysics®. The validity of the used FEM 
model was first tested by reproducing the numerical results for the waveguide geometries 
presented in [19]. The model for the waveguides investigated in the present work consists of a 
perfectly smooth dielectric ridge of height h and (footing) width w on top of a perfectly smooth 
gold substrate with thickness d = 100 nm (see inset in Figure 3). EBL is known to produce 
slightly inclined sides due to proximity effects [33–36] so that a trapezoidal rather than a perfect 
rectangular waveguide shape is expected. Hence, for the calculations a waveguide side wall tilt 
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angle of 15° was assumed, based on similar assumptions made in [37]. The FEM calculations are 
carried out for all excitation wavelengths investigated in the study resulting in a plethora of 
mathematical solutions to the relevant boundary condition problem. Each solution provides 
relevant mode parameters such as mode effective index dispersion and electric field profile. Only 
some of these solutions represent actual waveguide modes. One has to closely examine the mode 
effective indices and mode electric field profiles in order to distinguish between waveguide 
modes and other, non-waveguiding, modes or potentially unphysical modes. Figure 3 shows the 
calculated mode electric field profiles of the relevant waveguide modes (TM0 and TM1) 
expected to be supported by the investigated waveguides for an excitation wavelength of 750 
nm. Shown are waveguide cross-sections, including a colormap of the absolute electric field 
along the surface normal. The single antinode character of the fundamental TM0 and the double 
antinode character of the TM1 modes are clearly visible as maxima of the electric field 
amplitude. 
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Figure 3: Calculated mode electric field profiles of the investigated waveguides for an excitation wavelength 
of 750 nm. The data show the normalized absolute of the electric field in the direction of the surface normal, 
|Ey|, for the different waveguide cross-sections. The left column shows the field profiles of the fundamental 
TM0 mode while the right column shows the field profiles of the TM1 mode, where applicable. The top right 
inset shows the geometry of the FEM model, with the used coordinate system in its lower left corner. The 
thickness d of the gold substrate is 100 nm, the actual values for w and h of the different waveguides are 
summarized in Table 1. 
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Figure 4: Comparison between (a) a conventional PEEM image and (b) a 2P-PEEM image of the 0.7 µm 
waveguide recorded using 365 nm light (h = 3.4 eV) from a LED and 780 nm light (h = 1.6 eV) from the 
Ti:Sapphire oscillator, respectively. The horizontal dash-dotted lines in the conventional PEEM image mark 
a faint but clear contrast separating a brighter area next to the waveguide from a darker area. The periodic 
intensity pattern in the 2P-PEEM image is a characteristic signature of the SPP propagating along the gold-
vacuum interface. The vertical dashed line marks a coupling edge provided by a sample platform and 
allowing for laser excitation of SPPs. The dashed rectangle marks the area where plasmonic waveguiding by 
the PMMA ridge is observed. (c) close up of the area marked with the dotted rectangle in (b). The image 
allows for a direct comparison of the intensity patterns from the free gold-vacuum SPP (top) and the 
waveguiding mode (bottom) highlighting the difference in periodicities. 
RESULTS AND DISCUSSION: Figure 4 a) shows an image of the 0.7 µm waveguide 
recorded using conventional threshold PEEM ( = 365 nm). The observed contrast allows 
identifying the position of the SPP coupling edge (vertical dashed line) as well as the position of 
the SPP waveguide, which is visible as a dark horizontal line in the center of the image. The 
identical sample area, now monitored in the 2P-PEEM mode, is shown in Figure 4 b). For 
excitation the sample is illuminated with laser light (λ = 780 nm) incident from the left. The 
image contrast has completely changed and is now dominated by periodic photoemission 
intensity patterns emerging into the uncovered gold areas from the SPP coupling edge of the 
platform as well as from the waveguide. The pattern is caused by the phase-coupled 
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superposition of the illuminating laser field and the polarization field of SPPs excited at the 
coupling edge and at the dielectric ridge of the waveguide, as described in detail in refs [21, 26, 
30, 31]. The pattern periodicity arises from the wave vector mismatch ∆𝑘 = 𝑘𝑒𝑐 − 𝑘𝑆𝑃𝑃 between 
the laser field and the SPP, where 𝑘𝑒𝑥𝑐 is the surface projected wave vector of the excitation laser 
and 𝑘𝑆𝑃𝑃 is the real part of the wave vector of the SPP [21, 26, 30]. The result of a quantitative 
pattern periodicity analysis yields a value of 𝑘𝑆𝑃𝑃 compatible with a SPP propagating along the 
gold-vacuum interface. As in the case of the conventional threshold PEEM data the 2P-PEEM 
signal is virtually absent at the waveguide position. Nevertheless, in the close vicinity of the 
waveguide, within the area marked by the dashed rectangle, one observes a periodic pattern 
which distinctly differs from what is observed in the rest of the sample (Figure 4 c)). Close-up 
views of this area for different waveguides (for an excitation wavelength =790 nm) and 
different excitation wavelengths (for the 0.5 µm waveguide) are shown in Figure 5. We observe 
a clear dependence of the pattern periodicity on the waveguide cross-section (Figure 5 a)) 
indicating that the experiment probes in the close vicinity of the waveguides the polarization 
field of the SPP waveguide modes. The pattern periodicity wavelength dependence (Figure 5 b)) 
is characteristic for the dispersive character of these modes. To identify the different modes 
contributing to the individual patterns and to determine the dispersion relations of these modes 
we performed a quantitative data analysis in Fourier space. 
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Figure 5: (a) Comparison of 2P-PEEM intensity patterns in the vicinity of three waveguides depicting the 
dependence of the pattern periodicity on the waveguide geometry. The images were aligned for a match of the 
first intensity maximum. The intensity patterns were recorded using an excitation wavelength of 790 nm. (b) 
Comparison of 2P-PEEM intensity patterns in the vicinity of the 0.5 µm waveguide for three different 
excitation wavelengths depicting the change in the pattern periodicity due to mode dispersion; the dashed line 
marks the position of the coupling edge provided by the sample platform. Here, the images were aligned for a 
match of the coupling edge.  
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Figure 6: FFT spectra of the 2P-PEEM intensity patterns of the waveguides as function of excitation 
wavelength. The right-hand spectrum for each waveguide is a close up of the area where in some cases a side 
peak next to the main peak shows up. Dots, diamonds and triangles (dots for the dominating peak, diamonds 
for the side peaks, triangles for the side peaks of the 0.3 µm waveguide which are of particular interest) mark 
the position of the peak maxima as determined by a fit. Errorbars account for the statistical uncertainty of 
the fitted peak position. Each spectrum is normalized to the relevant peak maximum. 
Figure 6 shows fast Fourier transformation (FFT) spectra generated from 2P-PEEM intensity 
profiles of the signal associated with the SPP waveguide modes. The graphs display FFT power 
spectral densities as function of the mode effective index 𝑛𝑒𝑓𝑓 = 𝑘𝑆𝑃𝑃 𝑘𝑒𝑥𝑐⁄  as determined using 
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the periodogram method by Welch [38] for different excitation wavelengths λ. Depending on 
waveguide cross-section and excitation wavelength the individual spectra show either a single 
peak or a dominating peak accompanied by a second, significantly smaller side peak. The 
positions of the peak maxima for the different waveguides as a function of 𝑛𝑒𝑓𝑓 as determined by 
Gaussian fits to the spectra shown in Figure 6 are summarized in Figure 7. For comparison, 
mode dispersion as obtained from FEM calculations for a SPP propagating freely along the gold-
vacuum interface (dashed black line), for the TM0 waveguide mode (area with dotted border) 
and for the TM1 waveguide mode, where applicable, (area with dash-dotted border) are added to 
the graphs. It is apparent that none of the measured peak dispersions match the dispersion of the 
gold-vacuum SPP. Instead, we observe for all waveguides a good or very good agreement 
between dominating peak (dots) and the mode effective index calculated for the TM0 mode. 
Additionally, the TM1 mode, predicted by the calculations for the 0.7 µm and 1 µm waveguide, 
reproduces the observed side peak dispersion (diamonds) reasonably well. Even more, also the 
constraints for multi-mode waveguiding with respect to cut-off width and wavelength (see Figure 
2) are reproduced by the experimental data very well.  
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Figure 7: Comparison of peak positions derived from the Fourier analysis of the 2P-PEEM data (Fig. 6) and 
FEM calculations. Results for the fundamental mode (TM0) are marked with an area wtih a dotted border, 
results for the first higher order mode (TM1) are marked with an area with a dash-dotted border. Errorbars 
in the experimental data account for the statistical uncertainty of the fitted peak position. The width in the 
FEM results mark the tolerance of the calculations as governed by the uncertainties in the waveguide 
geometries  (see Table 1). Data points marked with triangles are associated with a cavity mode and are 
discussed separately in Figure 8.  
This becomes particularly evident from the crossover behavior from multi-mode waveguiding 
to single-mode waveguiding at 𝜆 ≈820 nm observed for the 0.7 µm waveguide in the 
experimental data as well as in the calculations. 
Notably, for the 0.3 µm waveguide we observe a side peak in the short wavelength regime 
which is neither predicted by the cut-off width calculations nor by the FEM calculations. A 
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closer inspection of conventional PEEM images yields a slightly enhanced photoemission 
intensity in the close vicinity of the waveguides (see dash-dotted line in Figure 4 a)) in 
comparison to the surrounding. This contrast – while potentially indicative for some kind of 
surface alteration next to the waveguide – does not correspond to any observable features in 
AFM or HIM and can therefore not be attributed to common fabrication defects such as thin 
PMMA residuals or carbon contamination. In an attempt to account for the effect of such a 
surface alteration on the mode spectrum, we performed FEM calculations using a modified 
geometry with thin PMMA sidewalls emulating the surface alteration acting as a cavity (see 
Figure 8 a)). Since a cavity mode is not expected to penetrate deeply into the sidewall material 
but should rather be strongly localized on the gold-vacuum interface limited by the sidewalls, the 
choice of cavity material should have a much smaller effect than the geometry. The cavity width 
wc was determined from conventional PEEM images yielding a value of 4.3 µm. The cavity 
height hc was set to 10 nm. Note that the actual value of hc does not critically affect the 
calculated mode spectrum. The revised simulations show that for the 0.3 µm waveguide the 
modified structure can indeed support an additional mode which is not observed for the 
waveguide geometry without cavity. Moreover, no significant changes to the mode spectrum 
(number of modes as well as mode dispersion) of the other three waveguides are observed when 
comparing FEM simulations with or without cavity. The electric field profile of the new mode of 
the 0.3 µm waveguide is shown in Figure 8 b). Its shape differs distinctly from the pure 
waveguide modes shown in Figure 3 and indicates that the mode is a hybrid mode between a 
waveguide mode and a cavity mode. Figure 8 c) compares the experimental 2P-PEEM data for 
the 0.3 µm waveguide and the results of the revised FEM simulations for the TM0 (dotted line) 
and hybrid cavity-waveguide mode (dash-dotted line). We find the spectral appearance as well as 
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the dispersion of the side peak that previously had no matching mode to be in very good 
agreement with the hybrid cavity-waveguide mode. Furthermore, as mentioned before the TM0 
mode is not influenced in a significant way by the addition of the cavity to the model and still 
reproduces the dominating peak dispersion very well. Overall, the cavity mode interpretation of 
the extra mode for the 0.3 µm waveguide leads to a very consistent interpretation of the 
experimental observations, even though the origin of the cavity could not ultimately be resolved.  
 
Figure 8: a) Schematic of the waveguide.cavity geometry used in the FEM calculations. In the calculations the 
cavity height hc was set to 10 nm. The cavity width wc = 4.3 µm was obtained from conventional PEEM 
images (see Figure 4 a)) b) Electric mode profile from FEM simulations including a PMMA cavity centered 
around the waveguide. The mode profile indicates a hybrid cavity-waveguide mode. c) Comparison of FEM 
simulations for the TM0 mode (dotted line) and the hybrid cavity-waveguide (dash-dotted line) with respect 
to the 2P-PEEM results (dots and triangles). Errorbars in the experimental data account for the statistical 
uncertainty of the fitted peak position.   
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CONCLUSIONS: Owing to their compatibility with standard lithography techniques, 
DLSPPWs are highly attractive for potential applications within future nanoscale opto-electronic 
devices. Mode character and mode dispersion are key properties which finally determine the 
performance of the waveguides as potential broadband information transmission lines. Using 2P-
PEEM in combination with FEM simulations, we provided in this context a comprehensive 
characterization of PMMA-based DLSPPW for frequencies in the visible to near-infrared 
spectral regime. The results give particular insight into the crossover regime from single-mode to 
multimode waveguiding as function of waveguide cross-section and excitation wavelength. 
Furthermore, there is evidence to suggest that distortions in the close waveguide vicinity affect 
the supported mode spectrum substantially. 
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